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Digital holography is a method for recording holograms through the use of an optoelectronic sensor, which serves as a replacement for the use of film [1]. Through the use
of coherent light, the microparticles’s characterization can be observed with this method.
Yet even using partially coherent light, images of particles can be formed revealing particle
shape and size at scales larger than 10 micrometers. For example, ragweed pollen sporeclusters and glass microspheres are investigated here. The holographic images results are
compared with conventional optical microscope images for validation.
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CHAPTER 1
INTRODUCTION

The characterization of small particles ranging in size in the tens of micrometers needs
to be known. The in situ characterization of these small particles is an important objective, which leads to information that allows for the discrimination between certain particle
types [3]. For example, an important implementation in military defense contexts is the
detection of aerosolized biological weapon agents [4]. There is no need to collect and
check the particles manually, as they can be examined in situ [5]. Digital hologram (DH)
is particularly well suited for this task. The recording is ”digital”, in that it is done using
a CCD sensor and then numerically reconstructed using the Fresnel-Kirchoff diffraction
theory to form an image of the particle. The digital holograms are recorded in situ using
a megapixel CCD sensor and a fast efficient reconstruction algorithm [6]. Digital holograms have become more effective in terms of hologram processing due to the availability
of more powerful computers for numerical reconstruction [7]. The characterization of microparticles can be observed using either coherent or partially coherent light. By making a
comparison between the holographic imaging and conventional microscopy the structural
analysis of microparticles can be studied [8].

1

1.1

Recording and reconstruction process in holography
The reconstruction of a hologram with a computer was proposed for the first time as

a new concept [9]. There were two main drawbacks of this approach at that time. The
first drawback was the poor performance of computers, and the second is that there were
no advanced devices for digital image acquisition [10]. Recently, these impediments have
been solved, so it has become easy to efficiently perform digital holography using a CCD
sensor for the hologram recording and a personal computer for the reconstruction of the
image. There are generally two methods used for numerical reconstruction of an image
from a digital hologram, which are the Fourier transform (FT) and the convolution (CV)
methods [11]. In Fourier transform (FT) method, the form of the wave field is a Fourier
transform of the digital hologram with the reference wave. This experiment exclusively
uses the Fourier transform.

1.1.1

Particle-image reconstruction

The propagation of a wave field can be approximated by the Fresnel-Kirchhoff integral
which describes the relationship between the wave field at two planes E (x,y) and U(ξ, η),
and the distance z between them as in Fig. 1.1 [12]. The general equation for the amplitude
of the diffraction pattern is given by
iπ
eikz λz
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Figure 1.1:
Geometry for the Fresnel approximation [2]

Here U(ξ, η) is the complex amplitude distribution in the (ξ, η)-plane. The wave number is k =

2π
,
λ

λ is the wavelength, and z is the distance between the diffracting aperture

and the image plane of the point in the x, y, ξ, and η directions.
Using the software Mathematica, one can apply the reconstruction algorithm and render the image of the particle, as described in [12]. By simulating the diffraction of light
through the hologram the particle image is created [13]. After the reconstruction, the particle image may be out-of-focus, so the (computational) distance between the hologram and
reconstruction planes should be selected properly. The distance is determined by adjusting
1

the separation, z until the in-focus image is acquired [14]
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CHAPTER 2
EXPERIMENTAL METHOD

2.1

Experimental design
The experimental design system is depicted in Fig. 2.1. This setup, called an in-line

configuration, is an established method used to image and track microparticles. By focusing the light from a blue LED or a laser onto a 10 micrometer pinhole, a point source of
light is realized. The scattered wave from the object and the unscattered reference interfere, across the sensor, creating the hologram. A CCD or ”sensor” (1296 × 964 pixels,
with a pixel size of 3.75 microns square, is placed a few centimeters from the particle and
records the interference pattern, i.e., the hologram. This pinhole - sensor distance is called
L. Then by changing the distance Z1 , which is the distance from the pinhole to the sample,
i.e., particle, one can adjust the magnification M of the resulting image according to the
following equation:

M=

4

L
Z1

(2.1)
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Figure 2.1:
In-line configuration
The in-line configuration used for this experiment, which is the basic arrangement used to
record holograms and image particles in this work.

2.2

Comparing the holographic and microscope images.
The microscope image is taken when the particle in the glass is put on the microscope

stage. After that the glass that has the same particle is put in the path of the light in
the set up Fig. 2.1, then by the hologram process the holographic image is produced. In
the hologram process, the first recording of the glass with the particle is called the raw
5

hologram, and the second picture of the glass without the particle is called the reference
”background”. Then the reference is subtracted from the raw hologram, which results
in the contrast hologram, from the difference of the two measurements. Then, using the
Fresnel-Kirchhoff diffraction theory, the contrast hologram results in the reconstruction
image, which should be the same as the microscope image.

2.2.1

Comparison of 50 micrometer particle

Figure 2.2 shows a comparison between the holographic and microscope images of the
same of the individual particles. It is clear in the contrast hologram that there are four
particles. The glass slide also has light water marks, but they are not images of water on
the slide. Rather, this is residue that is left on the slide after water on the slide dries. One
can see the hologram image is just a copy of the same image obtained on the microscope
slide.

Figure 2.2:
The glass microsphere particle size is 50 micrometers in diameter
The light marks in the image are due to water residue that has dried on the slide. Image (a)
is the contrast hologram, (b) is the reconstructed image resulting from (a), and (c) is the
microscope image.
6

2.2.2

30 micrometer particle

Figure 2.3 is another example that demonstrates the similarities between holographic
and microscope images. The images are obtained when a cluster of glass microsphere particles are placed on a microscope slide. The arrangement, shown in Fig. 2.1, successfully
produces an accurate image with enough resolution to discern the individual particles, and
even the physical features of the single particles can be seen. This suggests that holography
can be used in place of a conventional microscope [15]. When comparing the raw hologram to the contrast hologram, one can see that the raw hologram contains more noise. The
noise is due to the low quality and coherence of the LED light. Subtracting the incident
wave across the CCD removes most of the noise caused by the wave. There are differences
in the size, orientation, and structural form that can be seen between the holographic and
microscope images of the cluster. These are likely due to the movement of the cluster from
the apparatus to the microscope slide.

2.2.3

20 micrometer particle

Figure 2.4 is a third example that is similar to the previous, but the differences are the
particle size and the objective lens used for the microscope image. For the second example,
the glass microsphere particle size is 30 micrometers, and it is clear in both the contrast
hologram and in the microscope stage. In this example, the glass microsphere particle size
is 20 micrometers, but it is still marked by the presence of particles.

7

Figure 2.3:
Validation of the holographic imaging process

Image (a) and (b) show the measured and contrast holograms, respectively. Image (c)
shows the reconstructed image resulting from (b), and (d) is a conventional microscope
image of the same particle cluster, which consists of 30 micrometers of glass microspheres.

8

Figure 2.4:
The glass microsphere particle size is 20 micrometers in diameter
Image (a) is the contrast hologram, (b) is the reconstructed image, and (c) is the microscope
image.
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CHAPTER 3
ANALYSIS

3.1

Incoherent light LED (470 nm)
Referring to Fig. 2.1 Z1 is the distance between the pinhole 5 micrometer and particle,

and Z2 is the distance between the particle and the CCD. Changing these distances results
in four different images of the same particle, which is a single ragweed pollen particle.
Figures 3.1 - 3.4 illustrate that when Z1 is fixed, the hologram magnification and Z2 have
a directly proportional relationship, where increasing Z2 leads to a linear increase in hologram magnification. Figure 3.2 shows the largest Z2 case, which is 4 cm, and 1 cm for Z1 .
Figure 3.3 shows reasonable results that are produced at Z1 = 1.8 cm and Z2 = 2.5 cm. On
the other hand, Fig. 3.4 represents the same Z2 distance as in Fig. 3.1, but Z1 has 2.2cm,
which is the largest distance between the pinhole and the particle. Therefore, Fig. 3.4 has
less light intensity by comparison, resulting in a dimmer image, and Fig. 3.1 yields the best
result for a clear image from the contrast hologram. Recall, that the magnification of the
hologram is given by Eq.(2.1).

10

Figure 3.1:
The contrast hologram gives a clear image
Here the distances between the pinhole and the particle are the closest, which yields the
best result in the contrast hologram to give a clear image of the particle with well-defined
physical characteristics.

Figure 3.2:
The hologram in this case has magnified
The setup shown represents the largest Z2 , the distance between the particle and the sensor
which is 4 cm, and a distance of 1 cm for Z1 . Obviously, the hologram in this case has
magnified and that depends on relation equation 2.1.
11

Figure 3.3:
Decreasing the hologram size
The figure shown depicts the images that are produced at Z1 = 1.8cm and Z2 = 2.5 cm.
Oppositely the occur in the Fig. 3.2 reducing Z2 , the distance between the particle and the
sensor, decreases the hologram size. Here the reconstruction is a more reasonable result
compared to the original contrast.

Figure 3.4:
The contrast hologram is ambiguous
Here Z1 is the longest distance, 2.2 cm, between the pinhole (light source) and the particle. One can notices that the contrast hologram is ambiguous because there is no enough
intensity light, resulting in a dimmer image.
3.1.1

Hologram Produced Through Different Pinhole Size using LED

In order to illustrate the affect that pinhole size has on holographic images, several
examples using pinhole sizes of various sizes are used with the same cluster of particles.
12

In Figs.3.5 - 3.7 , the resulting images show little difference, which shows that pinholes of
size 5, 10, and 15 micrometers in diameter produce nearly identical holograms. As long
as the hologram is clear and has low noise for all three cases, the reconstruction yields
an image of the particle with well-defined physical characteristics. However, using 1 and
2 micron diameter pinholes produce different results than in Fig.3.8 and 3.9. The light
emerging from the 1 micron diameter pinhole is less bright than that from the 2 micron
diameter pinhole. Therefore, the image that is produced from the 1 micron in diameter
pinhole (see Figure 3.8 ) is dimmer than the image that is produced from the 2 micron in
diameter pinhole (see Figure 3.9). As a result, the 2 micron in diameter pinhole creates a
much clearer hologram.

Figure 3.5:
The image that results through pinhole measuring 5 micrometer
The pinhole of size 5 micrometer in diameter produces nearly identical hologram.
13

Figure 3.6:
The image that results through pinhole measuring 10 micrometer
The contrast hologram results a clear image of the particle with well-defined physical characteristics.

Figure 3.7:
The image that results through pinhole measuring 15 micrometer
The pinholes 5, 10 , 15 micrometer in diameter produce almost little difference hologram.
As long as the hologram is clear and has low noise for all three cases, the reconstruction
yields an image of the particle with well-defined physical characteristics.
14

Figure 3.8:
The image that results through pinhole measuring 1 micrometer
The emerging light due to the 1 micrometer pinhole is less bright than the emerging light
compared to the 2 micrometer pinhole, so the resulting image is dimmer.

Figure 3.9:
The image that results through pinhole measuring 2 micrometer
The 2 micrometer pinhole creates a much clearer hologram than 1 micrometer pinhole .
The reconstruction is also affected, so one can see that the reconstruction result of Fig. 3.9
is much clearer than Fig. 3.8
3.2

Coherent-light illumination
The setup for this case is the same as Fig. 2.1, but LED is replaced with a laser diode of

wavelength (632nm). The experiment here is performed by adjusting Z1 and Z2 to deter15

mine the best distances such that the highest quality image is produced. A one micrometer
pinhole is used here, unlike in the incoherent - light experiments, and the particle is a 10
µm diameter glass sphere. The sum of Z1 and Z2 is, as Z1 + Z2 = L constant. In Fig. 3.10,
Z1 =Z2 which is about 2.5 cm each. Although there is a lot of noise in the hologram, the
reconstruction yields a clear image in this setup. The distances in Fig. 3.11 are 2.7 cm for
Z1 and 2.3 for Z2 . These values are the same as well in Fig. 3.12. However, the setup in
image Fig. 3.11 has fewer particles. These distances seem to be optimum, resulting in the
best quality image. In Fig. 3.13 and Fig. 3.14, the same cluster particles are used for different distances. In Fig 3.13, Z1 = 2.6 cm and Z2 = 2.4 cm, and in Fig 3.14, Z1 =1 cm, which
is the smallest distance in the setup, and Z2 is the largest distance, about 4 cm. Thus, the
image that results from Fig. 3.14 has poor resolution because the light intensity is lower
than Fig. 3.13 .

16

Figure 3.10:
Z1 = Z2 which about 2.5 cm for each one.
Thus, the distances are the same between the particle and the sensor and between the
particle and the pinhole. Although there is a lot of noise in the hologram, the reconstruction
still presents a clear image.

Figure 3.11:
The image that produced at distances 2.7 cm for Z1 and 2.3 cm for Z2
The distances are 2.7 cm for Z1 the distance between the particle and the pinhole and 2.3
cm for Z2 the distance between the particle and the sensor . Those distances appear to be
the best, resulting in a perfect image in which the image in Fig. 3.11 and Fig. 3.12 have
maximal quality.
17

Figure 3.12:
The same setup as shown in Fig. 3.11
Thus the distances are 2.7 cm for Z1 the distance between the particle and the pinhole and
2.3 cm for Z2 the distance between the particle and the sensor. The only difference is the
appearance of more particles.

Figure 3.13:
The image that produced at distances 2.6 cm for Z1 and 2.4 cm for Z2
Here, the distance between the particle and the pinhole Z1 is 2.6 cm, and the distance
between the particle and the sensor Z2 is 2.4 cm. A different cluster of glass particles is
used.
18

Figure 3.14:
The image that produced at distances 1 cm for Z1 and 4 cm for Z2
Here Z1 = 1 cm, which is the smallest distance used, and Z2 is the largest distance, about
4 cm. Thus, the image that results from this case has poor resolution because the light
intensity is low. This set-up uses the same cluster of particles as Fig. 3.13

19

CHAPTER 4
CONCLUSION AND FUTURE WORK

4.1

Conclusion
The essentials in creating the in-line setup and recording the hologram for microparti-

cles have been explained in-depth. By altering parameters such as distance, the magnification and clarity of the image can be changed. The hologram has been produced by both
coherent light and partially coherent light. Both cases have worked using the same setup as
shown in Fig. 2.1. There were two types of particles that were used in this work: ragweed
pollen and glass microsphere particles. However, various particle sizes were used, and the
range of the size was between 10-50 micrometers.
In this work the holographic image is compared to the image of the same particle taken
with a conventional microscope. By adjusting the distance between the pinhole and the
particle and the distance between the particle and the CCD camera, one can identify the
best distance to optimize the image quality.
Using an LED, the hologram and resulting image produced through different sized
pinholes were investigated. Above 5 micrometers, there are no apparent changes to the
results, but smaller micrometer pinholes yield results of low quality. However, using a
laser (in place of an LED) through a small pinhole size results in high quality images. The
reason for that is the image produced is affected by the amount of light reaching the CCD
20

sensor, which is controlled by the pinhole size. Probably the most significant difference
between lasers and LED is the ability to efficiently collect and focus the light into the
pinhole [16]. Therefore, in the LED case, as the pinhole gets smaller less light emerges
from the pinhole, which in turn is also affected by a limit of the diffraction, and the image
begins to blur.

4.2

Future plans
In the present study, the hologram is recorded in an in-line configuration, which is a

simple setup. The off-axis configuration setup as shows in Figure 4.1 is comparatively
more complex because it needs additional optical components and it is sensitive to the
arrangement of the optics, so recording the hologram by this setup will be one of the
future plans [17]. Another future plan is to get a better resolution for the image for aerosol
particles that are extended in size from 1 to 10 micrometers. There are some methods to
improve the resolution of digital holography. One of them is making more object waves
reach the CCD chip and diffracting them via grating, so the reconstructed image will have
a diffraction limit less than the original holographic system [18].

21
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Figure 4.1:
Off-axis configuration setup

22

mirror

REFERENCES

1. J. F. Heanue, M. C. Bashaw, L. Hesselink et al., “Volume holographic storage and
retrieval of digital data,” SCIENCE-NEW YORK THEN WASHINGTON- pp. 749–
749 (1994).
2. T. Kreis, “Handbook of holographic interferometry,” .
3. R. Xu, Particle characterization: light scattering methods, vol. 13 (Springer Science
& Business Media, 2001).
4. M. J. Berg, S. C. Hill, Y.-L. Pan, and G. Videen, “Two-dimensional guinier analysis: application to single aerosol particles in-flight,” Optics express 18, 23343–23352
(2010).
5. K. A. Pratt, P. J. DeMott, J. R. French, Z. Wang, D. L. Westphal, A. J. Heymsfield,
C. H. Twohy, A. J. Prenni, and K. A. Prather, “In situ detection of biological particles
in cloud ice-crystals,” Nature Geoscience 2, 398–401 (2009).
6. L. Ma, H. Wang, Y. Li, and H. Jin, “Numerical reconstruction of digital holograms for
three-dimensional shape measurement,” Journal of optics A: Pure and applied optics
6, 396 (2004).
7. L. Onural, A. Gotchev, H. M. Ozaktas, and E. Stoykova, “A survey of signal processing
problems and tools in holographic three-dimensional television,” IEEE Transactions
on Circuits and Systems for Video Technology 17, 1631–1646 (2007).
8. X. Yu, J. Hong, C. Liu, and M. K. Kim, “Review of digital holographic microscopy for
three-dimensional profiling and tracking,” Optical Engineering 53, 112306–112306
(2014).
9. M. Kronrod, N. Merzlyakov, and L. Yaroslavskii, “Reconstruction of a hologram with
a computer,” Soviet Physics Technical Physics 17, 333–334 (1972).
10. U. Schnars and W. Jueptner, Digital holography (Springer, 2005).
11. V. R. Singh, G. Hegde, and A. Asundi, “Particle field imaging using digital in-line
holography,” Curr. Sci 96, 391–397 (2009).
12. J. W. Goodman, Introduction to Fourier optics (Roberts and Company Publishers,
2005).
23

13. H. Meng, G. Pan, Y. Pu, and S. H. Woodward, “Holographic particle image velocimetry: from film to digital recording,” Measurement Science and Technology 15, 673
(2004).
14. V. R. Singh and A. K. Asundi, “Amplitude contrast image enhancement in digital
holography for particles analysis,” in “Optics & Photonics 2005,” (International Society for Optics and Photonics, 2005), pp. 587817–587817.
15. M. J. Berg and G. Videen, “Digital holographic imaging of aerosol particles in flight,”
Journal of Quantitative Spectroscopy and Radiative Transfer 112, 1776–1783 (2011).
16. D. Allgood, B. Perkins, M. Asang, C. Simmons, K. Carroll, L. Tha, T. Ellington,
I. Thomas, K. Peden, D. Tingle et al., “Determination of the optimal aperture size of a
pinhole camera by measuring image clarity,” (2014).
17. E. Cuche, P. Marquet, and C. Depeursinge, “Simultaneous amplitude-contrast and
quantitative phase-contrast microscopy by numerical reconstruction of fresnel off-axis
holograms,” Applied optics 38, 6994–7001 (1999).
18. C. Liu, Z. Liu, F. Bo, Y. Wang, and J. Zhu, “Super-resolution digital holographic
imaging method,” Applied physics letters 81, 3143–3145 (2002).

24

